Abstract--A new objective function (OF) has been proposed for mathematical formulation of directional overcurrent (OC) relay coordination in interconnected networks. The fuzzy based
Genetic Algorithm (GA) is applied to optimize the proposed OF for optimal coordination of OC relays. The defined fuzzy rules update the weighting factors of OF during the simulation. The miscoordination problem of OC relays is solved while decreasing the operating time of the relays. The proposed method is implemented in three different networks and the simulation results have been compared with previous studies in order to illustrate the accuracy and efficiency of the proposed method to coordinate the directional OC relays with both discrete and continuous time setting multipliers (TSMs). The results have also been compared with the results of other optimization methods. Considering the coefficients of OC characteristic curves as the OF variables ensures that the proposed method has no limitation for the types of characteristic curves which will be utilized. Presenting the new term in OF, the performance of the proposed method has not been affected by the size of the networks.
Index Terms--Overcurrent relay, optimal coordination, interconnected network, time interval coordination, genetic algorithm, Fuzzy logic. HE main duty of protective relays is to detect the faults and clear them in minimum time by sending the "open" signal to the circuit breakers. OC relay is one of the most common because of its simplicity and economic features. It has been used as the main relay to protect the subtransmission and distribution systems or as backup protection of the transmission system [1] . Both the main and backup relays detect and sense the fault as soon as it occurs. However, the primary relay is the first one which should clear the fault and the backup relay would take over tripping with a predetermined time interval with the operation time (OT) of the main relay only if the primary relay does not eliminate the fault in its specific time [2] . The minimum OT of a backup relay should be more than the total of the related main relay OT, main circuit breaker OT, and overshoot time of the backup relay. Hence, the OC relays coordination can be considered a significant concern for power systems protection [3] .
The settings of OC relays include plug setting multiplier (PSM) and time setting multiplier (TSM), which should be calculated such that the faulty part of the network is disconnected [4, 5] . Generally, in traditional OC relays, the rating of PSM is from 50 to 200% in steps of 25% and the Optimal Overcurrent Relay Coordination in Interconnected Networks by Using Fuzzy-Based GA Method D. Solati Alkaran, M.R. Vatani, M.J. Sanjari, G.B. Gharehpetian, Senior, IEEE, and M.S. Naderi T rating of TSM is from 0.05 to 1 in steps of 0.05. However, these parameters can be set in a step of 0.01 in digital relays [6] . PSM is determined based on the minimum fault current and the maximum load current [7] [8] [9] . The coordination constraint between the main and backup relays can be expressed as the following equation and is shown in Fig. 1 for a pair of main and backup relays:
The coordination of OC relays in a radial network is really simple, since each relay is the backup for its downstream relays, while in interconnected networks each relay may be a backup for more than one relay and also several relays can be the backup for one relay. Although OC relays have a simple structure, their coordination can be an intricate problem in some interconnected networks. This problem would become more complex if the size and complexity of the system increases. It should be noted that in the interconnected system the directional OC relays should be used, which is simply addressed by the OC relay in this paper. The traditional methods for overcurrent relays coordination in interconnected networks are time consuming considering the large amount of calculation burden and the difficulty of determining the power system break point. Diverse ranges of optimization methods and approaches have been proposed to achieve not only the coordination between the relays but also the optimal operation time of the protection system. The objective functions used in these methods have some drawbacks related to operation time of relays and their coordination.
The Genetic algorithm (GA) has a wide range of uses in power systems, one of which is the OC relays coordination in an interconnected network. In [10] , GA based methods for optimal coordination of OC relays have been proposed. This method suffers from miscoordination [6, 11] , meaning that the operation time of backup relays are less than the main ones. In this condition, the coordination between the main and backup relays is not satisfied and the backup relay operates sooner than the main relay.
The continuous GA method has been used for optimal coordination in [12, 13] . However, this method has some drawbacks such as miscoordination. The other disadvantage related to this method is the way in which the value of TSM has been specified. Although the method claims that TSM is a continuous variable, it should be set in small steps even in modern and new digital relays. Therefore, by utilizing the continuous GA, the proposed methods in [12, 13] cannot find the optimum and best answer for discrete TSM without approximation or rounding the continuous answer to the nearest discrete one.
The presented method in [6] has solved the problem of determining the continuous and discrete TSM but the OT of the main and backup relays is large which can be harmful for electrical equipment because they have to tolerate the fault current for a longer time. This has a strong negative effect on the efficiency of the equipment and the rate of their aging.
The new objective function (OF) has been proposed in [14] to overcome the negative aspects of [6] . However, this problem has not been solved appropriately due to the formulation and coefficients of OF. In other words, the weighting factors of different parts of OF have been determined through the trial and error approach in [6] and [14] . An advanced coordination method for an optimized protection time grading is proposed in [15] . The mentioned study is carried out based on new nonstandard tripping characteristics for OC protection relays to achieve the highest possible reduction of tripping times for a selective fault clearing in distribution networks protected by OC relays without communication links. In [15] , the OC relay coordination is translated to a mathematical optimization task, which is solved by the method of Lagrange generalized with the Karush-Kuhn-Tucker conditions. However, as stated in the subsection IV.A in this paper, considering TSMs as continuous variables in the process of OC relays coordination with discrete TSM leads to a near optimal solution for the mathematically formulated OC relay coordination.
A comprehensive study of meta-heuristic methods which are applied to coordinate overcurrent relays is presented in [16] . It expresses the procedures of utilizing the meta-heuristic methods in OC relays coordination. These methods include GA, particle swarm optimization (PSO), differential evolution (DE), harmony search (HS), and seeker optimization algorithm (SOA). Moreover, some comparisons among these methods have been made by simulating different scenarios. The results in [16] indicate that the DE and HS obtain a better answer than the other mentioned optimization methods. In addition, the PSO and SOA reach their best answers faster than the other methods. Although the paper has compared the different optimization methods, there is no explicit expression about the method of determining the OF weighting factors. Apart from [16] , diverse types of optimization methods which are applied to coordinate overcurrent relays have been studied in [17] and [18] . In addition, the interior point method (IPM) as a mathematical optimization method has been used in [19] and the results have been compared with other OFs. The results have been compared with two categories of optimization methods including metaheuristic ones (GA and DE) and hybrid ones (IPM-GA and IPM-DE). The proposed methods in [19] suffer from the similar drawback of [16] . In addition, the coefficients of characteristic curves have not been considered as the OF variables.
This paper presents a new accurate Fuzzy-GA based method for OC relays coordination in the interconnected network. The proposed method in this paper not only solves the problems of miscoordination and high OT of relays by defining a new OF, but also uses new constraints for better coordination between the relays. The newly defined OF leads to finding the best answer for both the continuous and discrete variables.
The main contributions of the proposed methods are listed as follows:
• A new expression of OF is proposed in this paper in order to overcome the drawbacks existing in previous methods, i.e. high value for the relays OT and using approximation in determining the discrete variables from the achieved continuous answer. • The weighting factors for different terms of OF are calculated based on a Fuzzy logic procedure instead of the trial and error approach to determine the most accurate values for OF parameters.
• The newly proposed algorithm is able to minimize the number of miscoordinations in large networks in which all constraints cannot be satisfied by using previous methods.
• The characteristic curves coefficients of OC relays and PSMs are considered as the optimization problem variables to enhance the efficiency and flexibility of protection coordination in the proposed method. As a result, the best curve can be achieved for each main and backup relay. Therefore, there is no limitation for choosing or defining diverse kinds of characteristic curves in modern OC relays.
• The objective function presented in this paper uses the average operation time of the OC relays as well as average ∆t between the main and backup relays. This noticeably decreases the dependency of the proposed method performance upon the size of the network utilized for simulation.
The rest of the paper is organized as follows: the problem formulation is described in Section III. Section IV explains the proposed method and its main concepts. Simulation results and their discussion are presented in section V. Finally, the conclusion is drawn in Section VI.
III. PROBLEM FORMULATION
The OC relays coordination in interconnected networks is complex due to the fact that there are a large number of constraints stated in the form of (1). Considering the fact that there is a low chance to coordinate the OC relays in an optimal way using the traditional methods, the coordination problem of OC relays in an interconnected network changes into an optimization problem with a large number of constraints.
There are three main points in the setting and coordination of OC relays, high speed operation of relay, selectivity which means that each relay should operate only for the faults occurring in the corresponding protection zone of the relay and reliability which means each relay must be appropriately backed up by some other relays. The mentioned concerns are considered in this paper to enhance the dependability of the protection system and consequently the security of the power system [20, 21] .
In an interconnected network with a lot of OC relays, if the OF is to optimize the operation speed of each relay separately, the problem will be very complex and practically insoluble. Hence, the overall speed operation of all relays should be considered. The following equation can be introduced to satisfy the OF for this consideration:
The OC relays should be directional, i.e. each of them operates only for its protection zone. This means that they should detect faults only occurring in front of the relay. Moreover, the PSM of these relays should be properly set. This setting is defined as the minimum current which can be detected as the fault current by the relay. This current should be more than the maximum load current passing through the relay multiplied by a certainty factor (usually 1.3) and less than the minimum current for the fault occurring in the protection zone of the relay. This relation is expressed as follows:
In addition, the minimum coordination time interval should be satisfied between the main and backup relays to ensure their selective operation. Considering all the above explanations, it can be concluded that for setting and coordination of OC relays in an interconnected network, the following optimization problem should be solved: 
The OT of a relay is related to its RCCC in terms of its setting parameters and the fault current flowing through the relay. Generally, the equation of the relay curve can be expressed as follows:
In order to solve (4), both the mathematical methods and the intelligent searching algorithm methods can be used. Considering the large amount of inequality constraints in this optimization problem, the mathematical methods are not effective, while the intelligent searching methods can be a practical solution. In modern digital OC relays, PSM, TSM, and the relay characteristic curves coefficients can be set in very small steps. Consequently, the variables of the optimization problem can be discrete and continuous. The Genetic algorithm (GA) is one of the most robust tools for solving such a mixed integer optimization problem. Most intelligent searching algorithms solve the discrete problems in a continuous way and the answers are rounded to the nearest discrete variable at the end of each generation, while GA can discretely solve the optimization problem with discrete variables during the solving process. This is the reason why the GA is used in this paper to solve the optimization problem. In order to use the GA, at first an OF should be defined appropriately including the related constraints. These constraints should be added as a penalty value to the OF in order to decrease the probability of selecting the chromosomes which do not satisfy the constraints by increasing the OF for them. Consequently, the final OF can be implemented as follows:
where, ai and bj are the constant coefficient as weighting factors.
Finally, GA chooses some chromosomes for crossover, mutation, and selection operators in proportion to their fitness. These operators generate a new population and it will be repeated until reaching the stop condition.
IV. PROPOSED METHOD

A. Continuity or Discreteness of TSM
In many studies, TSMs are considered as continuous variables in the process of the OC relays coordination with discrete TSM. Then, the feasible answers are achieved by rounding the continuous results to the nearest discrete TSM at the end of each generation or at the end of the program. This process has two main drawbacks:
• The number of possible states and the search space would be increased if the TSMs are considered as the continuous variables, while the answer can be found in a smaller discrete space. Therefore, the number of iterations for convergence is decreased. Moreover, in large networks, the search space may be so wide that it results in divergence of the optimization program.
• The relation between the fitness function and the problem variables is not clear or obvious in the scenario in which the optimization method works with continuous TSM and round it after optimization. Thus, it is a possible condition in which a global optimum is achieved by continuous TSMs but it would not be the global optimum among the discrete scenarios after rounding to a discrete TSM. As shown in Fig. 2 , K0 is a global minimum value considering continuous TSMs while K1, K2, and K3 are the possible solution considering discrete TSMs. As shown in Fig. 2 , it is obvious that if the continuous values of TSMs are considered, the optimization method is converged to the answer K0 as the minimal value of the OF in continuous space. After rounding K0 to a discrete variable, either K1 or K2 is obtained in the discrete space. However, scenario K3 is the answer among the discrete scenarios and has a considerable difference with K1 and K2.
According to the aforementioned issues, in this paper, a discrete gene is considered as a binary string in GA for the relay with the discrete TSM and a continuous gene as a real number for the continuous variables. Therefore, the searching space becomes smaller and the chance for obtaining the correct answer is enhanced because the achieved optimal TSM is not rounded to the nearest discrete TSM. 
B. Fitness Function
The following OF was proposed in [6] to coordinate the OC relays:
By comparing (7) and (6), it can be inferred that the main function in [6] has been defined as
In addition, the constraint has been added to the OF as
. The presented OF in [6] has the following disadvantages:
• The main objective of the setting and coordination of OC relays in interconnected networks is to minimize the total OT of the relays. In this regard, using the square of OT in the OF leads to a distraction from the optimal answer. For more clarification, two scenarios are given as an example. It is assumed that the OT of the i-th and j-th relays are 0.1 and 0.9 for the first scenario and the similar variables for the second scenario are 0.4 and 0.813, respectively. The value of the main function is 0.82 for both scenarios (using
while it is obvious that the first scenario presents the better answer because the average OT of the OC relay in the first scenario is less than the second one (0.5 and 0.6065, respectively). To correct the mentioned problem of the main function, this paper uses the f(ti)=ti as the main OF.
• The penalty function presented in [6] is as
, which has the same drawback above because of using the square of Δtj , especially when this square value is applied in large networks which have more constraints. This problem usually creates the local optimums in the OF. In this condition, the probability of pining GA in these local optimums is enhanced. Thus, a linear penalty function as
proposed in this paper. Furthermore, the penalty function for both positive and negative Δt are defined separately with different coefficients as (8) since eliminating negative Δts is more important than minimizing the positive ones.
• In large networks with numerous OC relays, the number of constraints for the coordination problem is really high and in some conditions, there is no feasible answer in which all the main and backup relays are coordinated. In other words, it is possible that some constraints are not satisfied in the optimal solution. The number of constraints is important because additional costs should be paid for alternate backup protection for each of the relays related to the unsatisfied constraints. Thus, in order to reduce the number of unsatisfied constraints, the following function is proposed in this paper to add to the penalty function:
where the sgn(x) is the sign function which is equal to -1, 1 or 0 if x is negative, positive or zero, respectively.
As an example, suppose that there is a network with three OC relays which are coordinated by using two different scenarios. Table I shows the supposed value of Δts obtained from these scenarios. As shown in Table I , there are 3 and 1 unsatisfied constraints by using the first and the second scenario, respectively.
Considering the penalty function as 2 )
, the penalty values for these scenarios are 0.0075 and 0.6536, respectively. Based on the proposed method in [6] , the results of the first scenario are considered as the answer, while it is obvious that the results of the second scenario are better because of its less unsatisfied constraints. However, considering the proposed penalty function in this paper, the penalty value for these two scenarios are 3.15 and 1.96, respectively. Thus, the proposed penalty function in this paper is more accurate than the previous methods such as [6] .
Considering the above mentioned issues, the proposed OF is defined as follows in this paper to be minimized by GA: 
Each term in the proposed OF is normalized with respect to the number of non-zero terms in each summation to decrease the dependency of coefficients on the number of relays and coordination constraints as well as to determine the thresholds of coefficients in the Fuzzy process. 
C. Determination of Fitness Function Coefficients
The OF stated in (7) has three coefficients, α1, α2 and β which are constant and defined based on the trial and error approach in [6] . However, they are highly related to the nature of the problem and under-studied network. Therefore, they should be determined separately in each network. Moreover, since these coefficients are constant during the optimization procedure, GA may converge to a local optimal point and the global optimum is missed.
The qualifiers such as very small, small, average, large, and very large (i.e., SS, S, N, L, and LL, respectively) are used to describe the Fuzzy rules which are the relationships between the inputs and outputs of a Fuzzy function. In this regard, this paper proposes a Fuzzy logic with the rules listed in Table II . Some of these rules are derived based on the mathematical expression of (10).
The proposed OF in (10) has four parameters, a1 influences the value of relays OT which is shown as t in Table II , a2 has an effect on negative Δts which is shown as − ∆t in Table II, a3 has an impact on large value of Δts which is shown as + ∆t in Table II , and a4 decreases the number of unsatisfied constraints which is shown as − n in Table II . However, the other Fuzzy rules have been derived based on observation of input-output behaviors. As an example and further clarification about the interpretation of Fuzzy functioning in this paper, the first row of this table expresses that if t (the average of relays operation time) is a large value and − n (the number of constraints which are not satisfied) is a very small value, the following measures should be taken without considering the values of − ∆t and + ∆t :
• The value of a1 should be very large • The value of a3 should be very small • The value of a2 and a4 should remain without any change. As a cycle, the proposed Fuzzy logic determines the parameters a1, a2, a3, and a4 considering the outputs of GA after a preset number of GA iterations which is called maximum Fuzzy generation (e.g., 50 iterations). In other words, for example, GA is run for 50 iterations. Then, Fuzzy logic uses the outputs of GA after these iterations to reproduce the OF parameters through the Fuzzy rules. This procedure will be repeated after each of the 50-iterations to reach the maximum number of generations. 
D. Coefficients of Characteristic Curves
Most papers presented in the field of OC relays coordination have considered only the TSM of relays as the optimization variable [6, 11] . However, some papers have considered the types of standard characteristic curves as the variables of their OFs [22] . In modern digital relays, some variables can be set almost as continuous ones in a defined range. In this regard, [22] has not taken benefits of this important feature of the modern digital relays because it has considered all of their variables as discrete ones. The equation of the characteristic curves can be expressed as (5) . Therefore, the types of curves are predetermined based on their specific coefficients, while these coefficients can be set in modern digital relays [23] . These coefficients are considered as variables in the proposed OF. This point ensures that the proposed method does not have any limitation for using the different kinds of characteristic curves in its algorithm.
The objective function presented in this paper uses the average operation time of the OC relays as well as average ∆t between the main and backup relays. However, the objective functions in the other articles use the sum of operation time of OC relays and sum of ∆ts. This is the reason why the coefficients of the objective functions in those methods are strongly dependent upon the number of the relays utilized in a network. Moreover, these methods use the trial and error approach for determining the coefficients of their objective functions. Therefore, when they are applied to a larger network, the chance of finding the optimum answer decreases; hence the calculation time increases. On the other hand, the coefficients of the objective function proposed in this paper are modified during the simulation process.
The following procedure explains the steps of the proposed method when it is applied to a network regardless of its size.
Step 1: Data acquisition of the network such as transmission lines, generators, and transformers.
Step 2: Load flow study for determining the maximum load currents for each relay.
Step 3: Determining the pairs of primary and backup relays.
Step 4: Calculation of the minimum fault current (IFmin) and maximum fault current (IFmax) flowing through each relay based on the proposed method in [24] using impedance matrix Zbus of the network.
Step 5: Determining the allowable range for the PSM and TSM of each OC relay based on the catalog instruction and according to (4) .
Step 6: Determining the characteristic curves of each OC relay. Then, each type of these curves is numbered and the function and the operation time will be defined. For example, assume that there are four types of characteristic curves. Table  III indicates the tag of each curve for this example. (11) Step 7: Calculation of the maximum faults currents flowing through each pair of primary and backup relays as a close-in fault of the primary relay.
Step 8: Determining the problem variables for creating the chromosomes in GA as shown in Fig. 3 . Type-Parametersn includes the defined number of each characteristic curve based on step 6 and its coefficients. For instance, assume an inverse user-defined characteristic curve, which has been numbered 4 in step 6. This curve has an equation similar to (5) . Then, the variable Type-Parameters for the assumed curve is given below:
TSM PSM Type-Parameters
Step 9: This is the final step. In this step, the GA starts to work with the defined chromosomes in step 8. After a predefined number of iterations, the weighting factors will be updated through the defined fuzzy rules and the GA starts to work with the new weighting factors. It will be repeated until reaching the best answer.
It is obvious that steps 1-8 are not affected by the size of the network. Sometimes, these data could be prepared before starting the main algorithm.
The final step (i.e., step 9) uses fuzzy rules and GA both of which are general tools for applying to different kinds of problems. However, applying GA to a larger network with more variables will increase the simulation time but the accuracy of the proposed method will not decrease.
The proposed method procedure is shown in the flowchart of Fig. 4 . In this figure, G is the number of iterations and F is the preset number of GA iterations before each usage of Fuzzy logic.
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Reproduction of (a1, a2, a3, a4) by means of Fuzzy rules (Table II) In order to investigate the accuracy and efficiency of the proposed method, it is applied to three different networks including 6-bus, 8-bus and IEEE 30-bus test systems. In addition, three scenarios are defined. The results of the proposed method are compared with [6] in the first and second scenarios and with [19] in the third scenario. In the first scenario, PSMs and relays operation characteristics are defined similar to [6] because the best comparison can be achieved when the parameters are the same for both methods. Moreover, by considering the similar parameters with [6] , the efficiency of the proposed OF in [6] and this paper can be compared precisely. The additional optimization variables such as PSM and the coefficients of characteristic curves are considered in the second scenario to show the best operation of the proposed method. In the third scenario, the proposed method in this paper is compared with the presented methods in [19] . These methods include different types of optimization methods which have been applied to the problem of coordination of OC relays in interconnected networks.
The values of maximum load current have been obtained through MATLAB software. The test systems have been simulated in the mentioned software based on the given data in [24] and [25] for the first and second test systems, respectively. Then, the load flow program is run and the values of maximum load current are achieved.
The values of minimum and maximum fault currents have been determined by the proposed method in [24] . The paper presents a new accurate method for determining the critical fault point based on which the maximum and minimum values of fault current can be obtained. This method analytically calculates the impedance matrix Zbus of the network. The critical fault point is determined through the calculated impedance matrix. In the proposed method, a hypothetical bus X is considered as the fault location in each line of an interconnected network. Then, it is moved from the beginning to the end of each line and impedance matrix Zbus will be calculated for each of these movements. In order to update the Zbus for each step, the admittance matrix Ybus of the network is applied. The Ybus is used because of its simple rules for construction. Finally, the critical fault point is determined for each line and the values of maximum and minimum fault currents will be obtained.
A. Scenario 1
In this scenario, the proposed method is applied on an 8-bus network. In this scenario, the optimization variable is just TSM to show the efficiency of the proposed expression of OF and its weighting factors in comparison with the presented methods in [6] . The network and its data can be found in [24] . The weighting factors of OF obtained by Fuzzy rules are listed in Table IV . TSM, PSM, and OT of the relays in this network are listed in Table V for both proposed methods in this paper and [6] . As shown in Table V , the proposed method in this paper results in decreasing the TSM and the OT of the relays compared to [6] .
The current of close-in fault for each pair of relays are listed in Table VI by using the proposed method in this paper. Also, the value of Δt achieved by the proposed method in this paper and [6] is shown in this table. These results illustrate that the proposed method in this paper not only decreases the OT of the relays but also keeps the coordination of all their pairs. Better results are achieved since the coefficients are determined through Fuzzy logic. Fig. 5 shows these coefficients variations during the Fuzzy process. It is obvious that the mentioned coefficients are converged to their optimum value considering the defined rules. B.
C. Scenario 2
In this scenario, the IEEE 30-bus test system is simulated to show the proposed method effectiveness in optimal relay coordination. The network and its data can be found in [25] . In this scenario, TSM, PSM, and the coefficients of characteristic curves are considered as the optimization variables. The proposed OFs stated in this paper and [6] are simulated in this scenario. The weighting factors of OF obtained from the fuzzy controller are listed in Table VII . TSM, PSM, and OT of the relays in this network are listed in Table VIII for both OFs proposed in this paper and [6] . Moreover, the coefficients of characteristic curves obtained from both OFs are listed in this table. However, the value of D is considered to be equal to zero similar to IEC standards [26] . The value of Δt for the proposed methods in this paper and [6] is shown in Table IX . This table indicates that there are 17 miscoordinations in the results obtained from [6] , while the number of miscoordinations is only two by using the proposed OF in this paper because of adding a new term to the OF as explained in section IV.B which diminishes the number of miscoordinations. In comparison with [6] , the OT of relays is decreased by using the proposed Fuzzy logic in this paper. The convergence diagrams of the coefficients of the proposed OF are shown in Fig. 6 . Using the Fuzzy logic and defining the appropriate rules play an important role in proper determination of OF parameters instead of the trial and error approach. This leads to better performance and more acceptable answers of OF. Defining the appropriate rules for the coefficients fuzzification leads to proper convergence and acceptable answers for the coefficients by which the OT of the relays and the number of miscoordination have been minimized. The results confirm that the proposed method not only has no limitation for using the diverse characteristic curves but also determine their coefficients such that the best answer is achieved.
D. Scenario 3
In order to validate the better performance of the proposed method, it is compared with diverse optimization methods including DE, IPM-GA, IPM-DE, IPM-branch and bound method (IPM-BBM), and IPM-IPM [19] . In this regard, the 6bus test system is used, the data of which can be found in [19] . There are 22 OC relays with the characteristic curves of IEC normally inverse. 52 pairs of primary and backup relays are identified in this network. The values of maximum load current, minimum fault current, and maximum fault current flowing through each relay can be found in [19] . The current transformers ratios for each relay and the close-in fault current value for each pair of relays have been presented in [19] . The TSM values of the relays are considered as continuous variables changing from 0.1 to 1.1. In addition, it is assumed that the PSM values of the relays are discrete variables varying from 0.5 to 2 in the step of 0.25. The results of comparison of the proposed method with other ones in [19] are listed in Table XI . These results include the optimal TSM and PSM values as well as the total operation time of the relays. The method in [19] chooses the best answer among the ones resulted from 100 simulations. Furthermore, the weighting factors of objective function are determined by a trial and error approach. On the other hand, the simulation results of the proposed algorithm in this paper are obtained just by one simulation and the algorithm by itself calculates the weighting factors of the objective function effectively. The values of these coefficients are listed in Table X . These values are calculated based on the defined fuzzy rules in this paper. Based on the presented results in the last row of Table XI, 
VI. CONCLUSION
In this paper, a Fuzzy-GA based method with a new OF has been proposed for optimal coordination of OC relays in interconnected networks. This method solves both miscoordination problems as well as the large OT of relays. Moreover, both discrete and continuous TSMs can be directly obtained through the proposed OF. PSM and the coefficients of characteristic curves of OC relays are other variables of the presented OF. These coefficients can be set in modern digital relays and this fact can result in better coordination and less OT. It confirms that the proposed method is capable to use any kind of characteristic curves. In addition, the weighting factors of OF are determined by the Fuzzy logic process in order to overcome the drawbacks existing in previous works for finding these factors. The proposed method is tested on three different networks including the 6-bus, 8-bus, and IEEE 30-bus test systems. The results of the proposed method have been compared with the different previous ones. The simulation results approve the effectiveness and accuracy of the proposed method because of its new expression for OF and its comprehensive variables. 
